weather, lighting, and road surface conditions. Three of the investigated explanatory variables were found to be temporally unstable with significantly varying effects on the severity of drivers' injuries. Those temporally unstable variables include the travel speed, the type of the light-duty vehicle, and the age of the driver. All other investigated variables were found to be consistently significant throughout the analysis period. The findings of this research have the potential to help decision makers develop policies and countermeasures that reduce the severity of drivers' injuries by focusing on explanatory variables that consistently exhibit significant effects on the severity of drivers' injuries. The findings of this research also provide quantitative measures that may be used to determine the feasibility of implementing those countermeasures in reducing the severity of drivers' injuries related to single-vehicle collisions. Recommendations for future research are also provided.
Introduction
Single-vehicle collisions result in a significant number of fatalities and severe injuries each year, and therefore they are a major concern related to traffic safety. According to statistical data obtained from the National Highway Traffic Safety Administration (2016a), more than 46% of fatal traffic collisions in the United States are related to single vehicles.
Several research studies investigated different explanatory variables that may increase injury severity resulting from a single-vehicle collision given that such a collision has already occurred. Behnood and Mannering (2015) used mixed-logit modeling to explore the temporal stability of factors affecting the severity of drivers' injuries in single-vehicle crashes by using data from Chicago, Illinois for the years from 2004 to 2012. Several explanatory variables were tested, including variables related to drivers, roadways, vehicles, and environmental conditions. It was found that the effects of most explanatory variables were generally temporally unstable, which may be due to different factors related to temporal changes in vehicle-safety features, drivers response to those improved safety features, and drivers response to changes in microeconomic conditions, among other factors. Islam et al. (2014) used random-parameter logit models to analyze the severity of injuries resulting from large truck atfault collisions in Alabama for the years from 2010 to 2012. Four separate models were provided to model the severity of injuries resulted from single-vehicle and multi-vehicle collisions in rural and urban locations. Several characteristics were found to increase the severity of injuries resulted from those types of collisions. The characteristics identified include those related to driver, vehicle, roadway, land use, and time of the day.
Martensen and Dupont (2013) used logistic regression to identify explanatory variables that differentiate between single-vehicle and multi-vehicle crashes based on data from six European countries (France, Finland, Germany, Italy, Netherlands, and the United Kingdom), and they found that multi-vehicle crashes usually occurred on busy roads and junctions, while single-vehicle crashes usually occurred on empty road-sections between junctions. They also found that roads with physically divided opposite traffic lanes usually had higher proportion of single-vehicle crashes than on other road types. Furthermore, they also found that heavy vehicles and motorcycles were less likely to be involved in single-vehicle crashes than passenger cars.
Other research studies related to single-vehicle crashes include a study by Chang and Yeh (2006) who identified and quantified different explanatory variables that increased the odds of fatalities in single-vehicle crashes related to motorcycles and other light-duty vehicles by using logistic regression to analyze all fatal crashes that occurred in Taiwan in year 2000. Islam and Mannering (2006) investigated the effect of driver ageing on the injury severity resulting from single-vehicle collisions related to passenger cars based on police report data from the state of Indiana in the year 1999. Yau (2004) used logistic regression to identify risk factors that increased injury severity related to singlevehicle traffic collisions based on data from Hong Kong for the years 1999 and 2000. Separate models were developed for passenger cars, trucks, and motorcycles. Several factors were found to increase injury severity for passenger cars, including driver's age and gender, vehicle age, time of the collision, lighting conditions, and the geographical location of the collision. Renski et al. (1999) investigated the effect of speed limit increase on the severity of single-vehicle crashes on North Carolina interstate highways by comparing the severity of crashes one year before increasing the speed limit with the severity of crashes one year after increasing the speed limit. Ostrom and Eriksson (1993) investigated the effect of alcohol consumption on the severity of singlevehicle crashes in northern Sweden by comparing data related to multi-vehicle crashes with data related to singlevehicle crashes for the years 1980e1989.
Logistic regression was also used in several other recent studies related to road safety analysis. Ye et al. (2015) used logistic regression to investigate different factors affecting lower-limb injuries in traffic collisions. Wang et al. (2016) used logistic regression to investigate factors that increased injury severity of trespassers at railway crossings in the United States for the years from 2004 to 2013. Feng et al. (2016) used logistic regression to investigate risk factors associated with fatal bus accidents and their impact on different types of bus drivers in the United States.
The purpose of this study is twofold. The first purpose is to identify and quantify different explanatory variables that affect the severity of drivers' injuries resulting from singlevehicle collisions related to light-duty vehicles. The research is based on analyzing records of all traffic collisions that occurred in North Carolina for the years from 2007 to 2013. The second purpose of this research is to evaluate whether the effects of those identified explanatory variables are temporally stable throughout the analysis period that extends for seven years from 2007 to 2013. The findings of this analysis have the potential to assist decision makers identifying the more significant factors that increase the severity of drivers' injuries so that different resources may be allocated to reduce the impacts of those contributing factors. The findings of this research also provide quantitative measures that may be used to determine the feasibility of implementing those countermeasures in reducing the severity of drivers' injuries related to single-vehicle collisions.
Methodology and data collection
With no other vehicles involved, driver behavior or human factors that contribute to the severity of single-vehicle collisions may be explored more effectively (Chang and Yeh, 2006 Using crash records that extend for seven years provides the benefits of capturing year-to-year temporal changes over that period. Due to the substantial differences between the characteristics of light-duty vehicles and those of other vehicles (including heavy vehicles and two-wheel vehicles), this analysis focuses only on single-vehicle collisions related to lightduty vehicles. Those light-duty vehicles include passenger cars and light-duty trucks. The light-duty trucks include pickup trucks, panel trucks, mini-vans, vans, and sportsutility vehicles.
Logistic regression is a generalized linear model that predicts the probability of occurrence of an event by fitting data to a logit function in the form of Eq. (1) (McCullagh and Nelder, 1989) .
where z is the logit function, which is a measure of the total contribution of all the explanatory variables used in the model, f(z) is a dichotomous variable that is assumed to follow Bernoulli distribution. It represents the probability that driver's injury being fatal or incapacitating, given that a collision has already occurred and has already resulted in an injury to the driver. Based on that, the variable f(z) takes the value of "1" if the driver's injury is fatal or incapacitating, or "0" if the driver's injury is minor. For the purpose of this research, minor injuries include Class B (non-incapacitating) and Class C (possible) injuries Huang et al., 2001 ). The logit function has the following form.
where b 0 is the intercept, b 1 , b 2 , …, b k are the regression coefficients of explanatory variables of x 1 , x 2 , …, x k , respectively.
Relevant collision data records for the years 2007e2013 were obtained from the Highway Safety Information System, which is managed by the University of North Carolina Highway Safety Research Center under contract with Federal Highway Administration (2016). Different explanatory variables are provided in the dataset, and the explanatory variables that are selected for this analysis include:
(1) Roadway-related variables: the presence of a physical median and whether the roadway is in an urban or a rural area. After excluding incomplete and irrelevant records (that represent less than 0.61% of the dataset), the number of collisions that caused injuries to drivers are shown in Table 1 . A Wald test is used to test the statistical significance of each of the estimated coefficients (b 1 , b 2 , …, b k ). The Wald statistic of asymptotic chi-square distribution is the squared value of the Z statistic and is computed as
where b b i is the ith estimated coefficient, SEð b b i Þ is the standard error of that coefficient. In this study, the odds ratio (OR) is used to interpret the significance of different explanatory variables where an estimate of the odds ratio of a certain explanatory variable is expð b b i Þ while holding all other explanatory variables unchanged. Finally, the 95% confidence interval (CI) is also used in this study to describe the upper and lower limits of the odds ratio with 95% confidence level and is given by ½ b b i ±Z 0:95 SEð b b i Þ.
3.
Results and discussion percentage of fatal/incapacitating injuries have slightly declined over the analysis period, but the decline is not statistically significant. Table 2 shows the percentages of drivers' serious injuries associated with the dichotomous explanatory variables investigated in this research. In the table, favorable environmental conditions exist when the road surface is dry and the weather is either clear or cloudy. As shown in the table, undivided and rural roads are overrepresented in serious collisions. Light-duty vehicles that are not passenger cars are also overrepresented in serious collisions. Those overrepresented light-duty vehicles include pickup trucks, panel trucks, mini-vans, vans, and sports-utility vehicles. Driver groups that are overrepresented in serious collisions include older drivers (65 years or older), male drivers, and drivers who are under the influence of alcohol or illicit drugs, or fail to use seatbelts, or have been driving above the speed limit.
An interesting finding in Table 2 is that collisions occurred in poor lighting conditions, where the roadway is not illuminated, are found to result in more serious injuries than collisions occurred during daylight or during nighttime on illuminated roads. This finding actually contradicts the finding of a previous study on drivers' injuries resulting from single-vehicle collisions in Hong Kong (Yau, 2004) where it was found that poor lighting conditions have a lower risk of severe injury as compared to daylight or good lighting conditions. Another study by Krull et al. (2000) , which was based on analyzing three-year crash data from Michigan and Illinois, found also that the severity of drivers' injuries increase in daylight. However, a more-recent study (Kim et al., 2013) on all crashes that occurred in California in 2003e2004 concluded that darkness conditions significantly increased the severity of drivers' injuries. Abdel-Aty (2003) also found that darkness conditions contributed to higher probability of severe injuries on roadway sections. A possible explanation for the increased severity of drivers' injuries in dark conditions could be the increased reaction times of drivers when driving at low luminance levels (Plainis and Murray, 2002) , and therefore those drivers would have less time to take any evasive measures to reduce the severity of collisions.
Another interesting finding in Table 2 is that collisions occurred during favorable environmental conditions (i.e., dry road surface with clear or cloudy weather) resulted in more fatal/severe injuries to drivers. This interesting finding is consistent with the findings of several other studies (Adams, 1985 Krull et al., 2000) . A possible explanation for this finding is the lower driving speeds and the increased attention paid by drivers in poor environmental conditions. Logistic regression coefficients and standard errors of all explanatory variables tested are shown in Table 3 . The odds ratios (OR) associated with different explanatory variables (factors), including the lower and upper 95% confidence intervals (CIs), are shown in Table 4 . The parameters for overall model fit for all models are significant at 5% significance level. Furthermore, all the tested explanatory variables shown in the table are also found to be significant at 5% significance level, except for two variables that are found to be insignificant in certain years at 5% significance level. The first variable is the type of the vehicle, which was found to be insignificant in 2009, and the second variable is the driver's age, which was found to be insignificant in 2012.
As shown in Tables 3 and 4 , the most significant explanatory variable that increased the severity of drivers' injuries related to single-vehicle collisions is failure to properly use seatbelt. The odds ratios for this explanatory variable are consistently high throughout the analysis period. This finding contributes to the greatly increasing evidence supporting the importance of using seatbelts to reduce the severity of collisions.
Travel speed is found to be another significant explanatory variable that greatly increased the severity of drivers' injuries related to single-vehicle collisions. However, although travel speed is found to be a significant explanatory variable throughout the analysis period, its magnitude shows temporal instability where the odds ratio in year 2013 is 6.21% for every mile-per-hour increase in the travel speed above the speed limit (with lower and upper 95% confidence intervals of 5.58% and 6.84%, respectively). That odds ratio is significantly different from the odds ratio in year 2012, which is 3.85% (with lower and upper 95% confidence intervals of 3.34% and 4.36%, respectively).
Driving under the influence of alcohol or illicit drugs is found to be another significant explanatory variable that increased the severity of drivers' injuries related to singlevehicle collisions. This finding is consistent with the findings of almost all similar studies (Behnood and Mannering, 2015; Behnood et al., 2014; Kim et al., 2013; Suriyawongpaisal et al., 2002) . The obvious explanation for this finding is the fact that an impaired driver (who is under the influence of alcohol or illicit drugs) may not be able to take the appropriate evasive measures (in terms of proper steering and/or braking or accelerating) that may reduce the severity of a collision.
Another significant explanatory variable is the vehicle age at the time of the collision with odds ratios consistently high throughout the analysis period and ranging between 1.19% (for collisions occurred in 2008) and 3.04% (for collisions occurred in 2011) for every year increasing in vehicle age. This finding is consistent with the findings of several other research studies (Behnood and Mannering, 2015; Behnood et al., 2014; Kim et al., 2013; Yau, 2004) . This finding may be attributed to the ongoing improvements in the passive safety features and driver assistance systems that are being implemented in modern vehicles to protect drivers, and other occupants, in case of a collision. To test for this hypothesis, all the records related to the entire analysis period are combined together in a single database. The vehicle's manufacturing year is tested in that combined database as a Table 3 e Logistic regression coefficients (and standard errors). Note: "(a)" means in the year of the accident; "(b)" means it is as estimated by the investigating police officer based on the evidence available;
means the driver is influenced by alcohol or illicit drugs; "(d)" means the road surface is dry and the weather is either clear or cloudy; "(e)" means not significant at 5% significance level. 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130 JTTE101_proof ■ 23 November 2016 ■ 6/9 Please cite this article in press as: Dabbour, E., Investigating temporal trends in the explanatory variables related to the severity of drivers' injuries in single-vehicle collisions, Journal of Traffic and Transportation Engineering (English Edition) (2016), http:// dx.doi.org/10.1016/j.jtte.2016.03.010 possible explanatory variable, and it is found to have more significant effect than the vehicle age at the time of the collision. The regression coefficient is found to be À0.0458 (with standard error 0.0058), and the odds ratio is found to be 95.53% (with lower and upper 95% confidence intervals of 94.40% and 96.62%, respectively). This finding suggests that when controlling for all other factors, a newer vehicle will reduce the odds of driver's injury to be serious by approximately 4.47% as compared to the odds associated with a vehicle manufactured a year earlier, given that a singlevehicle collision has already occurred and resulted in an injury for the driver.
The type of the light-duty vehicle is found to be a significant factor that increased injury severity throughout the analysis period, with the exception of year 2009. It is found that the severity of drivers' injuries related to single-vehicle collisions increase when the light-duty vehicle is not a passenger car. Those vehicles that are found to increase injury severity include pickup trucks, panel trucks, mini-vans, vans, and sports-utility vehicles. All of those vehicle types typically have higher locations of their center of gravity and also higher height-to-width ratios than typical passenger cars. Previous research found that due to the differences, those types of vehicles were usually more likely to be involved in severe or fatal single-vehicle collisions such as rollover (Dabbour, 2012; Friedman and Grzebieta, 2009; McLean et al., 2005) . The temporal instability in the effect of the type of light-duty vehicles may be attributed to the rapid progress related to the improvements of passive safety features in all vehicle types, so that several light-duty trucks now have the same safety rating of passenger cars as demonstrated in the vehicle-safety rating database provided by the National Highway Traffic Safety Administration (2016b).
Driver's gender is found to be another significant explanatory variable where male drivers are found to be more likely involved in severe single-vehicle collisions. This finding is consistent with the findings of most similar research studies (Abdel-Aty, 2003; Kim et al., 2013; Morgan and Mannering, 2011; Ulfarsson and Mannering, 2004; Yau, 2004) . One of those previous studies (Ulfarsson and Mannering, 2004 ) attributed this gender difference to the behavioral and physiological differences between male and female drivers.
To test for the effect of driver's age, a new variable is created that takes the value of "1" if the driver's age was 65 years or older, and "0" for otherwise. That variable is found to be a significant explanatory variable for all years except for year 2012. This temporal instability in the effect of driver's age may be attributed to the small percentage of older drivers (with age 65 years or older) as compared to the overall population of drivers involved in single-vehicle collisions that resulted in injuries to drivers. That percentage ranges from 4.34% (in 2007) to 6.49% (in 2013) . In addition to testing the effect of older age drivers, the effect of young age drivers are also tested for significance at different age thresholds (18, 19, 20, and 21 years) . None of those younger-age groups was found to have significant effect on the severity of drivers' injuries related to single-vehicle collisions when controlling for the effects of all other factors.
Lighting conditions are found to be a significant explanatory variable where the severity of drivers' injuries related to single-vehicle collisions significantly increased in poor lighting conditions. As explained earlier, this finding is consistent with the findings of other previous research studies ( AbdelAty, 2003; Kim et al., 2013; Plainis and Murray, 2002) . This effect shows temporal stability with magnitudes range between 72.62% (for collisions occurred in 2007) and 46.53% (for collisions occurred in 2013). The lack of daylight or roadway illumination is the only explanatory variable that has odds ratios that exhibit consistent decrease over the analysis period from 2007 to 2013, but that decrease is not statistically significant at 5% significance level.
Favorable environmental conditions are found to increase the severity of drivers' injuries related to single-vehicle collisions. As explained earlier in this paper, this interesting finding is consistent with the findings of other research studies (Adams, 1985; Behnood and Mannering, 2015; Behnood et al., 2014; Krull et al., 2000) . The possible explanation is that adverse environmental conditions may result in lower driving speeds and increased attention paid by drivers; and therefore, the severity of a collision, should it occur, would be decreased.
Three of the explanatory variables identified and shown in Tables 3 and 4 are found to be temporally unstable. Those explanatory variables are the travel speed, the type of the light-duty vehicle, and the age of the driver. This finding is consistent with the findings of a previous research study (Behnood and Mannering, 2015) where it is found that the same three explanatory variables are also temporally insignificant. However, there are six other explanatory variables that are temporally stable in this research while they were found to be temporally unstable in that previous research study (Behnood and Mannering, 2015) . Those variables include vehicle age, the presence of a physical median, lighting and environmental conditions, driver's gender, and whether the driver is influenced by alcohol or illicit drugs. Those inconsistencies may be attributed to the differences between the two studies in terms of model structure and its empirical settings. In this current study, the level of the severity of drivers' injuries is coded as a single dichotomous variable that takes the value of "1" if the driver's injury is fatal or incapacitating, or "0" if the driver's injury is minor. This is different from that previous study (Behnood and Mannering, 2015) where three different models were developed to represent each of the three severity levels of drivers' injuries (no injury, minor injury, or severe injury). Another possible explanation for the discrepancies regarding vehicle age and lighting and environmental conditions is the differences in the methods used to code those variables into their respective models. For example, vehicles age is modeled in this research study as a continuous variable while the same variable is modeled in that previous research study (Behnood and Mannering, 2015) as a dichotomous variables that takes the value of "1" if the vehicle is more than ten years old. Furthermore, the models developed in that previous research study (Behnood and Mannering, 2015) are exclusively based on urban data collected from the city of Chicago, while the models developed in this current study are based on both urban and rural data collected from the entire state of North Carolina . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 4.
Conclusions
In this study, logistic regression is utilized to identify and quantify the effects of different explanatory variables that increase the severity of drivers' injuries resulting from singlevehicle collisions related to light-duty vehicles. The research is based on analyzing records of all traffic collisions that occurred in North Carolina for the years from 2007 to 2013. The seven-year analysis period allows for testing the temporal stability of the effects associated with identified explanatory variables. Some of the identified explanatory variables are related to the roadway (the presence of a physical median, and whether the road is in an urban or rural area). Other identified explanatory variables are related to the vehicle (vehicle's age, travel speed, and the type of the light-duty vehicle), driver (age, gender, being influenced by alcohol or illicit drugs, and failure to properly use seatbelt), or environment (lighting, road surface, and weather conditions).
Three of the tested explanatory variables are found to be temporally unstable. They include the travel speed (mph), the type of the light-duty vehicle, and the age of the driver. For the travel speed, although it has significant effects on the severity of drivers' injuries throughout the analysis period, the magnitude of those effects exhibited temporal instability. The type of the light-duty vehicle is found to be another explanatory variable that is temporally unstable where it is insignificant in 2009 and significant in the other six years. The third variable that exhibited temporal instability is the driver's age where it is found that 65 years or older drivers are associated with increased injury severity, related to single-vehicle collisions, for the years from 2007 through 2011, in addition to year 2013. However, the same variable is found to have insignificant effect in year 2012.
All other explanatory variables identified are found to be temporally stable with significant effects throughout the analysis period. Those variables include undivided roads, rural roads, vehicle's age at the time of the collision, vehicle's manufacturing year, male drivers, being influenced by alcohol or illicit drugs, failure to use seatbelt, lack of daylight or roadway illumination, and favorable environmental conditions. Due to the possible correlation between vehicle's age (at the time of the collision) and vehicle's manufacturing year, the two variables were tested separately and it is found that the vehicle manufacturing year has more significant effect than the vehicle's age at the time of the collision.
The findings of this research may help decision makers to develop policies and countermeasures to reduce the severity of drivers' injuries by focusing on factors that exhibit significant effects with temporally stability, such as the lack of a physical median or the lack of roadway illumination. Further research is recommended to develop models that predict the temporal changes in the factors that exhibit temporal instability such as speeding, the age of the driver, or the type of the vehicle. Those models will be necessary in future before-andafter studies that measure possible safety improvements associated with implementing countermeasures related to those temporally unstable factors. Without developing those prediction models, it will not be possible to determine if any safety improvements are actually resulting from the implemented countermeasures or simply due to the temporal instability related to those factors . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56 
